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ZeaxanthinWhen exposed to saturating light conditions photosynthetic eukaryotes activate the xanthophyll
cycle where the carotenoid violaxanthin is converted into zeaxanthin by the enzyme violaxanthin
de-epoxidase (VDE). VDE protein sequence includes 13 cysteine residues, 12 of which are strongly
conserved in both land plants and algae. Site directed mutagenesis of Arabidopsis thaliana VDE
showed that all these 12 conserved cysteines have a major role in protein function and their muta-
tion leads to a strong reduction of activity. VDE is also shown to be active in its completely oxidized
form presenting six disulﬁde bonds. Redox titration showed that VDE activity is sensitive to varia-
tion in redox potential, suggesting the possibility that dithiol/disulﬁde exchange reactions may rep-
resent a mechanism for VDE regulation.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction activities is played by the xanthophyll cycle [3,4] where thePhotosynthetic organisms are dependent from sunlight to sup-
port their metabolism and growth. If absorbed light exceeds cells
ability for photochemistry, however, it leads to the production of
reactive oxygen species (ROS) and damage of photosynthetic appa-
ratus [1,2]. Plants and algae are exposed to a variable environment
which continuously affects their ability to convert sunlight into
chemical energy and thus evolved several mechanisms to modu-
late light harvesting efﬁciency accordingly. Thanks to these
mechanisms, when exposed to strong illumination photosynthetic
organisms are able to safely dissipate excess energy and increase
their capacity of ROS scavenging. A major role in both thesediepoxide xanthophyll violaxanthin is converted into the epox-
ide-free zeaxanthin. Zeaxanthin contributes to photoprotection
by multiple mechanisms and it has been shown to play a role in
quenching of chlorophyll excited states (both singlet and triplet
states) as well as the scavenging of ROS eventually formed [1,5].
The xanthophyll cycle is found widespread in photosynthetic
eukaryotes such as plants, green algae and diatoms, although in
the latter it mainly involves the conversion of diadinoxanthin into
diatoxanthin [6,7].
Violaxanthin to zeaxanthin conversion is catalyzed by the
lumenal enzyme violaxanthin de-epoxidase (VDE), using ascorbate
as reducing power [4]. VDE is activated by a decrease of pH in the
lumen, occurring when light driven proton translocation across the
thylakoids membrane exceeds ATPase activity. Inactive VDE is a
soluble protein but, upon activation, it associates with the thy-
lakoids membrane [8], where its substrate, violaxanthin, is local-
ized [9]. When light intensity decreases, the stromal enzyme
zeaxanthin epoxidase (ZE) converts zeaxanthin back to violaxan-
thin [4,5]. Plants depleted in VDE showed increased susceptibility
to high light and a reduced ﬁtness in natural conditions [10], con-
sistent with the role of zeaxanthin in photoprotection.
Both VDE and ZE belong to lipocalins, a multigenic protein
family characterized by a conserved structural organization with
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lins with an enzymatic activity, while most members are involved
in transport [4]. The structure of the VDE lipocalin domain (VDEcd,
VDE central domain) conﬁrmed the structural organization typical
of this multigenic family [12] and also evidenced a pH-dependent
conformational change associated with protein activation that
induces dimerization, allowing both violaxanthin rings to react at
the same time [12].
Beside the lipocalin domain, representing around half of the
mature protein, VDE has two additional domains with no clear
similarity with other proteins, which are named Cysteine-rich
and Glutamate-rich from their peculiar amino acid composition
[11,13]. Both domains have been shown to be indispensable for
protein activity, with their deletion leading to protein inactivation
[14]. While the Glu-rich domain has been suggested to be involved
in protein association to the thylakoids membrane, the Cys-rich
one has no clear functional role [14].
The presence of cysteines is not uncommon in chloroplast
enzymes and in several cases disulﬁde/dithiol exchange reactions
have been shown to play a seminal regulatory role [15,16].
Depending on their redox state these enzymes assume an active
or inactive state which ultimately depends on the light available.
Under illumination, thioredoxin (TRX) is reduced through electrons
provided by Photosystem I and the action of two additional stro-
mal proteins, ferredoxin and ferredoxin/thioredoxin reductase
[15,17]. Once reduced, TRX can catalyze the reduction of regulatory
disulﬁde bonds on several target proteins. This system controls the
activation state of a large number of enzymes involved in photo-
synthetic carbon metabolism allowing plants to balance carbohy-
drate synthesis and degradation according to light availability
[18]. When cells are illuminated and TRX is reduced, Calvin–
Benson cycle enzymes are in turn reduced and consequently acti-
vated [19,20]. Thanks to this mechanisms, CO2 ﬁxation is active
only in the presence of light, when ATP and NADPH are con-
tinuously regenerated by photosynthetic electron transport reac-
tions. By contrast, under dark conditions these enzymes are
found oxidized and partially or completely inactive, therebyFig. 1. VDE Cysteine-rich domain conservation in different species. Above a schematic re
comparison of VDE sequences from different species. For clarity 6 sequences from plants
present in other sequences from the same groups. Plants reported are At (Arabidopsis thal
Os (Oryza sativa, AAF97601.3), Nt (Nicotiana tabacum, AFP57681.1), Pp (Physcomitrella
(Nannochloropsis gaditana, XP_005853521.1), Pt (Phaeodactylum tricornutum, EEC50308.1)
(Micromonas sp, XP_002503106.1), Ot (Ostreococcus tauri, CAL58064.1), Eh (Emiliania hu
sequences.blocking CO2 ﬁxation when the required energy and reducing pow-
er are not provided by the light reactions.
VDE activity is known to depend on its oxidation state as it is
speciﬁcally inhibited by reducing agents as dithiothreitol (DTT),
which has been demonstrated in a number of in vivo studies to
act as a speciﬁc VDE inhibitor [21]. This also implies that, at differ-
ence from several stromal enzymes, active VDE in illuminated cells
is oxidized. Similarly, other lumenal proteins have been found to
be active in their oxidized state (i.e. presenting disulﬁde bonds)
[22,23], suggesting this compartment has an oxidizing potential
when photosynthesis is active. Despite these indications, however,
it is still not clear if a light-dependent redox regulation also mod-
ulates thylakoid lumen proteins activity [24].
In this work we investigated the effect of the redox state on VDE
enzymatic activity and the role of cysteines on enzyme function-
ality. Sequence analysis and site directed mutagenesis showed that
12 cysteines are conserved in most photosynthetic eukaryotes and
they are also fundamental for the activity of VDE from Arabidopsis
thaliana, being involved in the formation of several structural/
regulatory disulﬁde bonds.2. Materials and methods
2.1. Sequence analysis
Protein VDE sequences from various plants, reported in Fig. 1
were retrieved from NBCI and www.nannochloropsis.org and
aligned with the ClustalW algorithm [6,25].
2.2. VDE puriﬁcation and site-directed mutagenesis
VDE was over-expressed in Escherichia coli Origami B strain and
puriﬁed by afﬁnity chromatography as previously described [26].
VDE mutagenesis was performed with the QuickChange Site
directed Mutagenesis Kit, (Stratagene), using primers reported
in Supplementary Material.presentation of VDE sequence and its different domains is shown. Below a sequence
and 8 from different algae species are reported but the same conserved residues are
iana, AEE28305.1), Ta (Tritricum aestivum, AAK38177.1), Zm (Zea mays, ACG28590.1),
patens, EDQ61896.1). Algae species are Es (Ectocarpus siliculosus, CBJ26509.1), Ng
, Tp (Thalassiosira pseudonana, EED90931.1), Ch (Chlorella variabilis, EFN55190.1), Ms
xleyi, EOD35102.1). Consensus sequence reports residues present in over 90% of the
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VDE activity was measured as described previously [26].
Carotenoids were also extracted with diethyl ether from the reac-
tion mixture and analyzed by HPLC [27].
2.4. Dependence of VDE activity from redox potential
Redox titration was performed monitoring the VDE activity
after incubation for 2 h at 25 C in 50 mM Tris–HCl (pH 7.9),
1 mM EDTA in the presence of 20 mM reduced/oxidized DTT in
various dithiol/disulﬁde ratios [28,29]. Control experiments were
performed under the same conditions in the absence of DTT.
Results were ﬁtted by non-linear regression (CoStat) to the
Nernst equation [28]. Midpoint redox potentials are reported as
means ± SD of three independent experiments.
2.5. Non-reducing SDS–PAGE and western blot
Puriﬁed VDE was incubated for 60 min at room temperature in
50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA with 2 mM
TCEP (tris-(2-Carboxyethyl)phosphine-hydrochloride [30]) or
10 mM H2O2, to fully reduce or oxidize the protein, respectively.
Samples were then alkylated 20 min with 10 mM AMS
(4-Acetamido-40-maleimidylstilbene-2,20-disulfonic acid [31]) and
separated by non-reducing SDS–PAGE. After protein transfer to
nitrocellulose membranes VDE was detected using an antibody
against A. thaliana polypeptide.
3. Results and discussion
3.1. Cysteines are strongly conserved in VDE from different algae and
plants species
Three different domains have been identiﬁed in VDE sequence
([13], Fig. 1). The central one includes 167 of the 349 residues of
the mature Arabidopsis protein and has the typical structure of
lipocalins [12]. It also contains the substrates binding sites and
the residues responsible for the enzyme catalysis [26]. The
C-terminal part, 101 amino acids long, is particularly rich in gluta-
mate residues and was suggested to be involved in the protein
association with the thylakoids membranes [14]. The N-terminal
domain is instead rich in cysteines, which represent 11 out of 81
residues of this domain (13.5%). This domain is fundamental for
enzyme activity but there is no clear indication of its biological role
[14].
The N-terminal region of different VDE protein sequences from
different species were compared to identify conserved features of
the Cys-rich domain. As shown in Fig. 1, 8 out of the 11 cysteines
are conserved in all organisms presenting a VDE orthologue. Only
one cysteine, C07, is less conserved and while it is present in all
plants it is missing from all algal sequences. Two other cysteines,
C14 and C65, are conserved in all sequences but absent in VDE
from Emiliania huxleyi. It is worth underlining that the Cys-rich
domain does not show a high degree of overall conservation.
Indeed, out of a total of 81 residues, only 23 (28%) are identical
and 8 of them are cysteines.Table 1
Arabidopsis VDE mutants activity extrapolated from HPLC analysis on spectrophotometric
detectable.
Mutant C07A C50A C65A
Activity (% WT) 85.2 ± 16 3.5 ± 2.1% 4.7 ± 3.2%Two additional cysteines, C118 and C249, are found in the
lipocalin domain and the crystallographic structure showed they
form a disulﬁde bond [12]. As shown in Supplementary Fig. S1, the-
se two cysteines are also conserved in VDE from both plants and
algae. Overall, sequence analysis evidenced the presence of a
strong selective pressure for the conservation of VDE Cys residues,
suggesting they play a relevant role in protein function.
3.2. Cysteines residues are fundamental for VDE activity
In order to verify the importance of Cys residues for VDE activ-
ity, they were all mutated into alanine (Supplementary Table S1), a
non-polar amino-acid with a similar steric hindrance. All mutant
proteins were expressed in E. coli and puriﬁed by metal afﬁnity
chromatography. If a protein is not properly folded in E. coli it accu-
mulates in inclusion bodies, causing a strong reduction in puriﬁca-
tion yield. Expression levels and puriﬁcation yields for each
cysteine mutants were very similar to the WT (Supplementary
Fig. S2), thus suggesting that cysteine mutations do not drastically
affect protein folding. Enzymatic activity of all mutants was deter-
mined (Table 1). Mutant C07A showed an activity close (or similar)
to the WT while all other cysteine mutations caused a drastic
reduction. Enzymatic activity was strongly reduced but still detect-
able in some cases (C21A, C50A, C65A and C72A mutants) whereas
in C14A, C27A, C33A, C46A, C118A and C249A mutants this was
undetectable. These results clearly demonstrated that cysteine
residues have a seminal importance for VDE enzymatic activity,
with the only exception of C07.
3.3. All conserved cysteines are involved in disulﬁde bonds
The importance of the cysteine residues evidenced by muta-
tional analysis pushed for a clariﬁcation of their redox state in
the active protein. This was addressed using AMS labeling [31],
which allows detecting different cysteines oxidation states by in-
gel shift analysis. Notably, AMS binds covalently to free thiols,
increasing the protein weight by 440 Da for each derivatized thiol,
allowing an estimation of the number of free and accessible cys-
teines from the molecular weight increase. Puriﬁed VDE was treat-
ed with AMS, either alone or following a pre-incubation with a
reducing (TCEP) or oxidizing (H2O2) agent. TCEP was used instead
of reduced DTT because, while they both have an inhibitory effect
on VDE (not shown), the former does not react with the maleimide
group of AMS, thus avoiding interference with the labeling.
As shown in Fig. 2, the samples treated with TCEP following
AMS labeling show a much larger apparent weight with respect
to the control samples. The band is also unique suggesting that
all free and accessible thiols of reduced VDE reacted with AMS, a
conclusion also consistent with the increase in MW observed. On
the contrary oxidized samples do not show any detectable change
in molecular weight with respect to the control, suggesting that
there are no additional disulﬁde bonds formed after H2O2 treat-
ment and thus that the number of free cysteines binding AMS in
control and oxidized samples remained the same. The comparison
of puriﬁed VDE with/without AMS labeling shows a slight but
detectable increase of apparent weight in the former, likely consis-
tent with the presence of one accessible cysteine reacting withassay for the zeaxanthin production shown as a percentage respect to WT. n.d. not
C21A, C72A C09A, C14A, C27A, C33A, C37A, C46A, C118, C249A
<1% n.d.
Fig. 2. AMS labeling of Arabidopsis WT VDE. SDS–PAGE and western blot on WT
VDE treated with TCEP or H202 and then with AMS. The control is WT untreated,
control + AMS indicates WT incubated with 10 mM AMS, while H202 + AMS and
TCEP + AMS represent the samples mixed ﬁrst with 10 mM oxidant and 2 mM
reducing agent respectively and then treated with 10 mM AMS.
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are involved in disulﬁde bonds in the native VDE.
3.4. Redox potential has a major inﬂuence on VDE activity
VDE activity is well known to be sensitive to reduced DTT which
is indeed employed as a speciﬁc inhibitor in vivo. In order to better
investigate this dependence, VDE activity was measured after incu-
bation at varying redox potential poised by different ratios of
reduced/oxidized DTT. As shown in Fig. 3, VDE activity is fully
dependent from the redox potential and data interpolation with
a Nernst equation including a single dithiol/disulﬁde redox pair
(n = 2) gives a standard redox potential of 317.3 ± 3.3 mV (pH
7.9). All results presented so far support the conclusion that VDE
may contain six disulﬁde bonds that are all important for enzyme
activity (Table 1). Consistently, in the transition from reducing to
oxidizing potentials (Fig. 3), VDE remains inactive until all six
disulﬁdes bonds are formed. In this view, the titration curve of
Fig. 3 represents the formation of the sixth disulﬁde, the one
requiring the most oxidizing conditions and the one that ultimate-
ly controls VDE activity. On the other direction, by moving from
oxidizing to reducing potentials, this same disulﬁde would be the
ﬁrst to be reduced and leading to protein inactivation indepen-
dently from the behavior of the other disulﬁdes.
3.5. Possible scenarios for a redox regulation of VDE in vivo
Zeaxanthin is a carotenoid with a seminal role in protecting the
photosynthetic apparatus from high light damage [3,32]. On theFig. 3. VDE redox titration. VDE was incubated in 50 mM Tris–HCl (pH 7.9), 1 mM
EDTA for 2 h at 25 C with 20 mM reduced/oxidized DTT in various dithiol/disulﬁde
ratios. Completely oxidized enzyme shares the same activity of the control. After
incubation, the activity of the protein was measured and the relative percentage
was calculated considering the activity of the completely oxidized enzyme as 100%.
Half height is reached at 317.3 ± 3.3 mV.other side, plants accumulating this xanthophyll constitutively
show reduced growth under limiting light conditions [33] since
energy dissipation is detrimental under low illumination.
Zeaxanthin accumulation, thus, must be ﬁnely regulated in photo-
synthetic organisms to reach the optimal balance between the con-
trasting necessities of protection from high irradiation damage and
efﬁcient light harvesting under limiting illumination. It is well
known that VDE is regulated by lumenal pH and when its value
decreases below 6 the protein is activated thanks to a conforma-
tional change [12,34,35]. Additional possible mechanisms for
VDE activity regulation were not identiﬁed.
Results presented here clearly show that VDE is very sensitive
to variation of its redox state and the protein is active only if com-
pletely oxidized. The protein is predicted to bear 6 disulﬁde bonds
and the reduction of only one of them seems sufﬁcient to inactivate
the protein. Early works already suggested that some proteins in
thylakoids lumen, such as the immunophilin FKBP13, may be
redox regulated [22,23,36]. It is important underlining that, if such
a redox regulation for lumenal proteins is present, illumination
should cause the oxidation of thiol groups since several proteins
in this compartment, like VDE, are known to be active in illuminat-
ed cells in their oxidized state. This would thus be the opposite of
the well-established redox modulation described for stromal pro-
teins, where light drives disulﬁde reduction [20]. If this hypothesis
is true, a system capable of controlling the redox state of proteins
in a light-dependent manner should be present in the thylakoids
lumen as well. Molecular oxygen is produced at high concentra-
tions by photosynthesis in this compartment and might represent
the sink for the electrons derived from protein thiol oxidation in
the light. However, the direct electron transfer from thiols to
oxygen is often very slow and it is currently unknown whether
it might be enzymatically accelerated in the thylakoids lumen.
Alternatively, the recently identiﬁed Lumen Thiol Oxidore-
ductase1 (LTO1) may be a promising candidate for disulﬁde forma-
tion in lumenal target proteins. LTO1 is an enzyme localized in thy-
lakoids that presents a thioredoxin-like domain exposed to the
lumenal side of the membrane [36]. LTO1 has been found to inter-
act with PsbO, a lumenal PSII subunit known to contain disulﬁde
bonds and a recombinant form of LTO1 was also shown to be able
of introducing a disulﬁde bond in PsbO in vitro [36]. In addition, it
was demonstrated that LTO1 has a broad range of substrates,
including VDE, suggesting a possible general role for this enzyme
in controlling the redox state of lumenal proteins [24]. The ﬁnal
electron acceptor of LTO1 is currently unknown but in vitro studies
suggest it may be phylloquinone [36,37]. On the other side, reduc-
tion of lumenal protein disulﬁdes may be accomplished by a trans-
thylakoid pathway involving other electron transport proteins like
the thiol-disulﬁde oxidoreductase CCDA and the thioredoxin-like
protein CCS5/HCF164 [36]. But how these systems could control
the redox state of lumenal proteins in a light-dependent manner
remains an open question.
Results presented here showed that VDE has a clear dependence
from the redox potential, suggesting that the variation of the lume-
nal redox state could modulate the transition between the active
and inactive form. It is possible hypothesizing scenarios where
such a redox regulation could be beneﬁcial: in the morning, plants
are exposed to limiting light but at the same time CO2 ﬁxation is
not fully activated, making ATP and NADPH consumption slow.
In these conditions it is possible that lumenal pH decreases enough
to activate VDE. If this is the case, zeaxanthin synthesis could lead
to heat dissipation of absorbed energy with detrimental effects on
growth. A VDE redox inactivation would be beneﬁcial to avoid an
unnecessary energy dissipation in conditions were pH in the lumen
decreases but light is not intense enough to drive to substantial
ROS production. Another possible scenario, frequent for unicellular
algae, is related to conditions where oxygen concentration is low
D. Simionato et al. / FEBS Letters 589 (2015) 919–923 923and cells experience anaerobiosis [38]. In these conditions the need
for zeaxanthin protection is low since in the absence of oxygen ROS
are not formed. With a low risk of radiation damage it would be
preferable to avoid zeaxanthin production and maintain light use
efﬁciency as high as possible. In both these hypothetical scenarios
a dependence of VDE from redox potential would be beneﬁcial
because it would link zeaxanthin production to the presence of
high oxygen levels, when its protecting function is effectively
needed. When photosynthetic rate increases enough to rise oxygen
concentration and the risk of oxidative damage, VDE would be oxi-
dized and activated thus providing the necessary protection of the
photosynthetic apparatus.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2015.02.
033.
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